In this paper, we demonstrate that the methodology recently developed to quantify the strength of monsoonal 10
Introduction
The quantification of the moisture transport in the atmosphere requires a precise knowledge of the atmospheric motion (i.e. the wind field) and the three-dimensional distribution of water vapour (Gimeno, 2014) . As global reanalysed datasets have become widely available and high resolution models have been applied to track the origin of atmospheric water (Sthol and 25 James, 2004) , a lot of research has addressed this topic. As a result, the recent variability of the moisture transport in the atmosphere is nowadays relatively well understood (Gimeno et al., 2012) . Unfortunately, most of these works are limited to the second part of the 20 th century (Marengo et al., 2004; Gimeno et al., 2012) or even to years after 1979, mainly because of the large uncertainties in the knowledge of the specific humidity before the satellite era, hampering the analysis of the long term moisture transport variability. 30 Earth Syst. Dynam. Discuss., https://doi.org /10.5194/esd-2018-54 Manuscript under review for journal Earth Syst. Dynam. Discussion started: 26 July 2018 c Author(s) 2018. CC BY 4.0 License.
During the last years, it has been possible to assess the interannual variability of the moisture advected to landmasses by designing indices based solely on wind direction over some key areas (Garcia-Herrera et al., 2018 and references therein) .
The main advantage of these so-called "directional indices" is that by design, they only require the knowledge of the wind direction, a variable that has been routinely measured aboard sailing ships since the end of the 17 th century. As a result of 5 several data recovery projects (García-Herrera et al., 2005; Allan et al., 2011; Wilkinson et al., 2011 among others) , millions of these early meteorological observations are nowadays incorporated into the International Comprehensive Ocean-Atmosphere Data Set (ICOADS) database (Freeman et al., 2016) . In its most recent release ICOADS holds over 456 million individual marine reports, covering the period 1662-2014.
10
Directional indices have resulted excellent tools to quantify the moisture transport associated to monsoons because in these regions, the changes in precipitation are directly related to a seasonal wind reversal. Wind and precipitation changes are profoundly related and they are dynamically consistent through the "Gill pattern" (Gill, 1980) , but they are not necessarily the same (Wang et al., 2014) . Monsoonal areas based on wind changes are usually defined as those where the local summer westerly minus winter easterly at 850 hPa exceeds 50% of the annual mean zonal wind speed. The local summer/winter 15 denotes May to September/November to March for the Northern Hemisphere and vice versa for the Southern Hemisphere (Wang et al., 2014) . Figure 1 .a shows the areas meeting this criterion based on zonal wind data from the NCEP/NCAR reanalysis data (Kalnay et al., 1996) . In the case of precipitation, monsoonal areas are usually demarcated as those where the local summer minus winter precipitation rate exceeds 2 mm day -1 . Additionally, to distinguish between monsoon climate and arid/semiarid or Mediterranean climates and furthermore, to discriminate from equatorial perennial rainfall regimes, it is also 20 required that the local summer precipitation exceeds 55% of the annual total areas (Conroy and Overpeck, 2011; Hsu et al., 2011; Wang et al., 2014) . Figure 1 .b shows these areas based on the CPC Merged Analysis of Precipitation (Xie and Arkin, 1997) .
The intersection between the areas in Figs. 1.a and 1.b should be optimal for computing monsoonal directional indices based 25 on wind changes highly representative of the moisture transport associated to a monsoon. However historical wind measurements were taken at the surface level, not at 850 hPa, and of course, they are only available along the ships' routes, so it is necessary to identify regions where the monsoonal wind reversal found at the 850 hPa level is also found at the surface. In this regard, Fig. 1 .c shows the areas where local summer westerly minus winter easterly wind at the 0.995 sigma level exceeds 100% of the annual mean zonal wind speed. This is an analogous criterion as that used for the wind at 850 hPa 30 but with a larger threshold in order to account for the greater wind variability at the near surface level. Additionally, Fig. 1.d shows the areas (in a 2.5º x 2.5º grid) where the last release of the ICOADS database currently has two or more wind direction observations per month for the summer months for at least 90 years in the 1900-2014 period. This is the minimum density of data considered necessary to build a meaningful directional index at monthly scale over the area typically used to Earth Syst. Dynam. Discuss., https://doi.org /10.5194/esd-2018-54 Manuscript under review for journal Earth Syst. Dynam. Discussion started: 26 July 2018 c Author(s) 2018. CC BY 4.0 License. compute dynamical indices for a monsoon, spanning around 20º in longitude and 10º in latitude (Li and Zeng, 2002; Gallego et al., 2015) .
The regions where the four previous conditions are simultaneously met are shown in Fig. 1 .e and they can be considered as those where building dynamical indices for monsoon-like systems highly related to precipitation (based on historical data 5 from ICOADS) is possible. Directional indices have already been developed for the obvious cases, i.e. the West African Monsoon (area centred at 8º N-20º W), the Indian Monsoon (15º N -75º E), the Australian Summer Monsoon (10º S -120º E) or the Western North Pacific Summer Monsoon (15º N -120º E) (Gallego et al., 2015; Ordoñez et al., 2016; Gallego et al., 2017; Vega et al., 2018 respectively) . Interestingly, this general analysis identifies some other areas with monsoon-like behaviour in the Indian Ocean, north of Madagascar and a large area in the eastern tropical Pacific between 120º W and 80º 10 W, extending between around 4º N and 15º N. Although both the wind and the precipitation in the latter region show a monsoon-like behaviour, this system is not a monsoon, but a low-level westerly jet known as the Choco jet. The name standing both as an acronym from "CHorro del Occidente COlombiano" (Western Colombian Jet) and as the place name "Chocó", one of the Colombia's regions most affected by this wind reversal. Between May and November, the winter wind regime characterized by predominant north-easterly winds in this part of the world is replaced by south westerlies at low 15 levels. The consequent change in the moisture transport from the Pacific into the continent affects millions of people (Arias et al., 2015) and it has a profound impact on the western coast, from Costa Rica to northern Colombia, which, as a result, are among the rainiest places on earth .
Quantifying the variability of this system is therefore of great importance and currently, the index used to measure the Choco 20 jet strength is based on reanalysis products, limiting its availability to the second part of the 20 th Century (Poveda and Mesa, 2000) . Precipitation series in the area directly affected by the jet are also severely limited in time and they are not adequate to build longer indices (Carmona and Poveda, 2014) . In view of the potential of this region evidenced by Fig. 1 .e, we have developed a new directional index for the Choco jet. This adds almost a century to the current indices of this system.
2 The CHOCO-D index
A complete description of the concept of directional indices can be found in Barriopedro et al. (2014) and Gallego et al. (2015) and only a brief introduction is given here. These indices are based on daily observations of wind direction and are usually defined as the monthly frequency of wind direction coming from a given range of angles. Wind direction has been measured essentially in the same way since the early times of sailing, not needing any conversion beyond referring the 30 observation to the geographic north. In fact, wind direction can be regarded as an instrumental measurement independently of the period and in consequence, directional indices can be considered instrumental ones.
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For this work, raw wind direction measurements have been taken from the ICOADS database in its 3.0 release (Freeman et al., 2017) . We selected the area [4º N-15º N ; 120º W-84º W] plus the area [4º N-9º N; 84º W-77.5º W], covering all of the outlined region over the eastern tropical Pacific in Fig. 1 .e. Figure 2 shows the selected domain, while shading shows the 1800-2014 cumulative density of ICOADS observations in a 1ºx1º grid between May and November. The darkest gridpoints 5 noticeable in the equatorial Pacific in Fig. 2 correspond to data taken by moored buoys, which in this region started in June 1986. Some of these buoys are inside the selected domain and due to their fixed location, far from the usual ship's routes, and their high temporal resolution, they became the dominant source of data since the 1990s in the selected domain. In order to maintain the homogeneity in the geographical distribution of the observed data into the domain, we did not consider data taken by moored buoys. 10
The graph at the bottom-left corner in Fig. 2 shows the resulting temporal evolution in the number of the available wind direction observations inside the selected area between May and November. Unfortunately, for the first half of the 19 th Century ICOADS has a very poor coverage in the Pacific (typically below 100 observations between May and November).
Around 1850 there is an increase in the data coverage and, for some years, up to around 1000 observations can be found. 15
However, the number of observations diminishes again below 100 per year between 1860 and the final decade of the 19 th Century. At the beginning of the 20 th Century onwards, the number of observations is typically well over 1000 per year rising to more than 10000 after the final years of the 1950's decade. It is noteworthy that a large number of observations correspond to the routes following the coast, with a large contribution of the route from North America to the Panama Canal since its opening in the late 1910's. In fact, the latitude of the Panama Canal (around 9º N) was the southernmost latitude 20 reached for most of the ships aimed to the Caribbean Sea.
Inside the selected area, we computed the so called CHOCO-D index (Choco -Directional index) as the percentage of days per month with prevalent wind flowing from the southwest (observed wind direction ranging between 180 to 270 degrees from the true north). Following the methodology of Barriopedro et al. (2014) we considered a day as "a day with prevalent 25 wind flowing from the southwest" when at least 37% of the wind observations in the selected area for a given day reported this wind direction. This percentage was set as the one maximizing the average correlation between June and October for the 1948-2014 period with the NCEP/NCAR monthly zonal wind at 925 hPa averaged over the area [5º N-7.5 ºN; 90º W-80º W], which is considered a good representation of strength of the Choco jet core (Poveda and Mesa, 2000) . It must be stressed that a sensitivity test (not shown) proves that the CHOCO-D index is scarcely sensitive to changes in the percentage used for its 30 definition. A minimum of 10 days represented in a month was required to compute the index (Barriopedro et al., 2014) . September. A relative minimum is observed in July, coincident with the well-known midsummer drought in Central America (Small et al., 2007; Duran-Quesada et al., 2017) . These values indicate that the CHOCO-D captures a significant part of the variability of the zonal winds at the core of the Choco jet.
As shown by Gallego et al. (2015) , directional indices suffer from a certain uncertainty derived from the fact that the wind 15 direction in the chosen sector is represented by a limited number of point observations. Consequently, it is related to the number of data used to compute the index. In this case, the region encompasses around 5,000,000 km 2 . The inherent spatial variability of the wind inside this huge region and the finite number of available measurements in a given month is translated as dispersion in a particular realization of the index based on a finite sample of data. To estimate the expected uncertainty as a function of the number of available measurements, we computed 1000 'degraded' CHOCO-D indices constructed from N 20 randomly selected wind observations inside the selected area with N ranging between 10 and 500. For each N, the 1000 degraded CHOCO-D are expected to be different because they are computed from a different set of observations. The average standard deviation of these 1000 series as a function of N between May and November is shown in Fig. 4 for the period 1971-2010. This particular period was selected in order to have a large-enough pool of wind observation in ICOADS to select a random sample of at least 500 observations. The results are scarcely dependent on the month and, as expected, the 25 largest standard deviations are found for N=10 (around 16%) in all cases. This value rapidly decreases as N increases. For N=50 observations, the standard deviation is below 10% and, for N over 400, the standard deviation is almost stable around 6% to 7%. The fact that the standard deviation does not tend to cero as N increases reflects the inherent spatial variability of the wind inside the large region considered. We took the standard deviation shown in Fig. 4 as a conservative dispersion measure for the final CHOCO-D. It must be pointed out that this dispersion measure is purely empirical, depends on the 30 region and it should be only interpreted as the expected standard deviation of a CHOCO-D value computed from a particular set of wind direction measurements and not as a confidence interval in a statistical sense.
3 Relation between the CHOCO-D and the moisture transport Traditionally, it has been considered that the Caribbean Sea was the main moisture supplier for Central America and northern South America (Wang et al., 2006) through the Caribbean Low-Level Jet. However, the importance of the transport from the Pacific source by the Choco jet has been recently highlighted and it is estimated that the moisture advected from this ocean can contribute up to 30% of the total precipitation in areas of the western coast of Central America (Duran-5 Quesada et al., 2010; Duran-Quesada et al., 2017) . The importance of the Pacific source is clearly evidenced in Fig. 5, which shows the difference between precipitation composites for months with CHOCO-D above and below one standard deviation of its average value for the 1901-2013 period ("positive" and "negative" Choco jet phases in successive) covered by the Global Precipitation Climatology Centre (v7) dataset (Becker et al., 2013) . The precipitation changes associated to opposite anomalies of the CHOCO-D index extend over large areas of southern Mexico, Central America and spread southward into 10 northern Colombia. The largest positive precipitation anomalies are found between July and September, when the Choco jet is fully developed, and they are especially noticeable in the western coast of Central America from Guatemala to Panama, where precipitation anomalies exceed 5 mm·day -1 during positive phases of the CHOCO-D in relation to the negative ones.
The connection of these rainfall anomalies with the moisture advection has been assessed by computing the vertically integrated moisture transport through the 1000-700 hPa levels and the corresponding moisture convergence (Fig. 6 ). We 15 limited the latter analysis to the 1979-2014 period because of the large uncertainties in the vertical distribution of the specific humidity in the NCEP/NCAR reanalysis over the equatorial Pacific prior to the satellite era. In order to attain a large enough number of cases for this shorter period, we relaxed the threshold for including positive/negative phases by considering the years above/below 0.75 standard deviation of the CHOCO-D index. Despite the different periods considered and the lower spatial resolution of the reanalysis, the agreement between Figs. 5 and 6 is remarkable. As expected, large CHOCO-D values 20 appear related to an enhanced moisture transport (of up to 100 kg · m -1 · s -1 ) from the Pacific into Central America in a latitude band extending from around 4º N to 15º N. The higher values of moisture convergence related to this enhanced transport are located over Panama and the pacific coast of Colombia, westward of the Cordillera Central. It is also interesting to note that the Pacific is a relevant moisture source for the Caribbean as well. Over this area, large values of moisture convergence occur, originating significant changes in the precipitation of the Greater Antilles, especially in Jamaica and 25 large areas of Cuba (see Fig. 5 .d for example).
Temporal evolution of the CHOCO-D index

Interannual and decadal variability
The exceptional time coverage of ICOADS allows building an almost continuous monthly record of the CHOCO-D index 30 starting in the 1880s and for some years between 1850 and 1860 (Fig. 7) . The series indicates that the Choco jet is rather Earth Syst. Dynam. Discuss., https://doi.org /10.5194/esd-2018-54 Manuscript under review for journal Earth Syst. Dynam. Discussion started: 26 July 2018 c Author(s) 2018. CC BY 4.0 License. variable at interannual scale but the most prominent feature of the time evolution is a marked interdecadal variability, which is evident for all months (smoothed coloured curves in Fig. 7) . This longer-term variability is quite dependent on the considered month. In general, the period 1880-1910 was characterized by stronger than average jets from May to August and also in November, while weaker than average jets are found in September and October. The subsequent three decades show a general tendency to lower than average jets (except in November) which is quite evident in August. After the 5 1940s, the long term anomalies became even most dependent on the month. In May, the CHOCO-D shows an alternating behaviour at near decadal periods, while in June the index oscillates around average. In July and August the CHOCO-D was mostly below its low term average up to the 1990s, while in September and October it was above it up to the end of the series (2014), with a short period (1981) (1982) (1983) (1984) (1985) (1986) (1987) (1988) (1989) (1990) of weak jets in October. November shows a long period of quite weak jets from 1960 to the late 1990s followed by a recovery to near-average values since the first years of the 21 th century. 10
The strong dependence of the CHOCO-D behaviour on the month suggests that the seasonal distribution of the precipitation associated with the Pacific moisture source could be modulated by these long term changes in the Choco jet. Accounting for no more that 30% of the total precipitation in the area (Duran-Quesada et al., 2010) , the changes in the total precipitation associated with the variability of the Choco jet are necessarily moderate, but yet discernible in cases of large opposite jet 15 anomalies. For example, according to Fig. 7, the period 1901-1911 was characterized by a persistent strong jet in July and a relatively weak one in September. The contrary situation is observed in the 1965-1975, with a very weak jet in July and a strong one in September. When the GPCC difference in precipitation between the 11-year periods 1965-1975 and 1911-1901 is computed (Fig. 8) , it is found that in July (September), the period 1965-1975 was significantly drier (wetter) than the 1911-1901 in large parts of Central America and northern Colombia, which changes in the total precipitation in the order of 20 +/-2 mm · day -1 .
Relation with ENSO
Ultimately the Choco jet originates in the southerly trade winds, making it strongly dependent on the meridional SST gradient along the Eastern Equatorial Pacific (Martinez et al., 2003) . A diminished temperature gradient between the 25 Peruvian Coast (El Niño 1+2 area) and the Panama Bight / northern Colombian western coast around 5º N during the developing phase of an El Niño event is accompanied by weaker trades and therefore, a weaker Choco jet (Poveda et al. 2001) . In this way, a year with weak (strong) jet tends to be followed by El Niño (La Niña) conditions. The profound link between meridional SST gradient and the precipitation in western Colombia through the Choco jet has been documented for the second part of the 20 th Century by Poveda and Mesa (2000) and Poveda et al. (2001) and it has been subsequently 30 assumed as the basis for the reconstruction of the climate in the area since the last glaciation (Martinez et al., 2003) . The long series of the CHOCO-D index allows to assess the stability of the relation between the Choco jet and the ENSO at secular scale for the first time. Figure 9 shows the correlation of the CHOCO-D index between July and September and the Earth Syst. Dynam. Discuss., https://doi.org /10.5194/esd-2018-54 Manuscript under review for journal Earth Syst. Dynam. Discussion started: 26 July 2018 c Author(s) 2018. CC BY 4.0 License.
following El Niño3.4 index (December to February of the following year) for variable timescales. Some fluctuations in the absolute magnitude of the correlation are evident at short timescales, but for windows over 30 years, our results indicate that the correlation between the Choco jet and the ENSO has remained negative and relatively stable since the late years of the 19 th century for the core of the jet season. This same result is found when the ENSO cycle is represented by the Southern Oscillation Index (Ropelewski and Jones, 1987) based on Sea Level Pressure instrumental measurements (not shown). 5
Discussion and conclusions
During the last years, a number of studies have dealt with climate reconstructions based on historical wind measurements (see Garcia-Herrera et al., 2018 for a recent review). However, due to the low number of historical meteorological records over the eastern Pacific, most of these works correspond to reconstructions over the North Atlantic or the Indian Oceans. The few exceptions considering the Pacific are limited to the study of the climatic implications in the changes in the duration of a 10 particular shipping route (Garcia et al., 2001) , focus on the westernmost Pacific (Vega et al., 2018) or have made use of indirect approaches, by estimating the climate in the tropical Pacific through the use present-time teleconnections patterns using data taken at other oceanic basins (e.g. Barrett et al., 2017a; Barrett et al., 2017b) .
In this work, we have found that the strength of the Choco jet can be computed through a reliable index starting in the 1850's 15 decade by using in-situ wind direction measurement contained in ICOADS and the methodologies recently developed to quantify monsoonal circulations. Up to our knowledge, this is the first time that it has been possible to construct a quantitative instrumental climate index over the eastern tropical Pacific for such a large period. This is because the exceptionally large latitude range where the monsoon-like changes in the wind direction can be related to the Choco jet.
Although it had been widely shown in literature that the latitude of the Choco jet core is usually restricted to the 5º N-7º N 20 range and it is maximum at 80ºW-90ºW (Poveda and Mesa, 2000; Sierra et al., 2017) we found that the optimal area for computing an index based solely on wind direction measurements at the surface level for this jet goes from 4º N to 15º N and extends from 120º W to 80º W. Over such a large area, the cumulative number of observations taken by ships, especially those sailing along the coast, resulted large enough to compute a meaningful index.
25
The reason beyond this fortunate circumstance is the profound link between the location of the Intertropical Convergence Zone (ITCZ) and the Choco jet (Waliser and Sommerville, 1994; Sierra et al., 2017) . Forced by the north-south orientation of the South American coastland and the predominant position of the ITCZ north of the Equator between April and November, the southerly trade winds over the eastern Pacific cross the Equator acquiring a predominant westerly direction and entering the continent with maximum zonal velocity around the 5º N to 7º N latitude characteristic of the Choco jet core 30 (Poveda and Mesa, 2000; Sakamoto et al., 2011; Arias et al., 2015) . During the boreal winter, the southward migration of the ITCZ allows the north-easterly Northern Hemisphere trade winds to blow as southward as 4º N (Wodzicki and Rapp, 2016) .
In this way, in this part of the world, the ITCZ separates the domain of winds with westward/eastward component always in the same hemisphere and its migration is the ultimate reason of the seasonal wind reversal observed in the tropical eastward Pacific and consequently its characterization as a "monsoonal" area by wind-based criteria (see Figs. 1.a and 1.c) . Recently, Wodzicki and Rapp (2016) showed that the central latitude of the eastern Pacific ITCZ ranges between 4ºN and 10-12ºN. So, along the year, the ITCZ displaces between these limits, modifying the relation between the areas affected by winds with 5 westward/eastward components and therefore the relative number of wind observations with wind blowing from the southwest inside the area where the CHOCO-D index is defined. This structure explains the excellent response of the CHOCO-D to the seasonal march of the Choco jet. Additionally, we also found that, even not including the wind velocity, the CHOCO-D is highly correlated with the indices currently used to measure this jet based on spatial averages of the zonal component of the wind. 10
As a consequence, the CHOCO-D is strongly representative of the moisture advection from the Pacific into Central America and northern South America and therefore, of a significant part of the precipitation in this area. We have found that since at least 1880, the Choco jet has experienced large changes at decadal scales. These are quite dependent on the month.
Interestingly the July series shows a tendency to be above its long term average value from 1840 to 1910 and below this 15 average from 1910 and 1990. September exhibits an opposite behaviour, being below average up to the 1920s and above it since that decade on. As the reversal in the trends for July and September occurred at the beginning of the 20 th Century, the evaluation of the consequent changes in independent precipitation records are rather uncertain because of the low number of precipitation data in this part of the world during the first two decades of the 20 th Century (Becker et al., 2013) .
Notwithstanding, the analysis of the GPCC dataset suggest that along the 20 th century, there was a discernible change in the 20 seasonal distribution of the precipitation related with the intra-annual variability of the Choco jet. Finally, it is worth mentioning that Carmona and Poveda (2014) found an increasing trend in the precipitation of the Pacific coast of Colombia starting in the last decades of the 20 th century. Our results support this finding, as the strength of the Choco jet has been steadily increasing for May, June, July and August since the last years of the 20 th century (Fig. 7) .
Finally, since their conception, one of the main applications of directional indices has been the analysis of the stability of teleconnection patterns. For instance, directional indices have been used to prove that the relation between the strength of the West African monsoon and the ENSO or the Atlantic Multidecadal Oscillation have been quite unstable (Gallego et al., 2015) . Similarly, instabilities have been described in the relation between the ENSO and the strength of the Western North Pacific Summer monsoon (Vega et al., 2018) . On the contrary, we have found than the relation between the Choco jet 30 strength and the ENSO has been remarkably stable at least since the 1880s. This is particularly relevant because the stability of this relation is usually the basis of the hydrologic reconstruction or prediction in northern South America (Gutiérrez and Dracup, 2001; Prange et al., 2010; Córdoba-Machado et al., 2015) .
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Earth Syst. Dynam. Discuss., https://doi.org /10.5194/esd-2018-54 Manuscript under review for journal Earth Syst. Dynam. Discussion started: 26 July 2018 c Author(s) 2018. CC BY 4.0 License. Figure 5 : GPCC Precipitation differences between months with CHOCO-D over +/-1 standard deviation for the 1901-2013 period (number of +1/-1 cases are indicated in brackets). Only areas with precipitation differences statistically significant at p<0.05 are represented.
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